[1] Positive feedbacks between the terrestrial carbon cycle and climate represent an outstanding area of uncertainty in simulations of future climate change. Coupled climatecarbon cycle models have simulated widely divergent feedback magnitudes, and attempts to explain model differences have had only limited success. In this study, we demonstrate that the response of vegetation primary productivity to climate changes is a critical controlling factor in determining the strength of simulated carbon cycle-climate feedbacks. This conclusion sheds new light on coupled climate-carbon cycle model results, and highlights the need for improved model representation of photosynthesis processes so as to better constrain future projections of climate change. Citation: Matthews, H. D., M. Eby, A. J. Weaver, and B. J. Hawkins (2005), Primary productivity control of simulated carbon cycle -climate feedbacks, Geophys. Res. Lett., 32, L14708,
Introduction
[2] Coupled climate-carbon cycle model simulations have identified an important positive feedback between the terrestrial carbon cycle and climate, whereby future carbon uptake declines under anthropogenic climate warming [Cox et al., 2000; Friedlingstein et al., 2001; Dufresne et al., 2002; Jones et al., 2003; Zeng et al., 2004; Thompson et al., 2004; Matthews et al., 2005; Govindasamy et al., 2005] . The first such simulation [Cox et al., 2000 ] revealed a dramatic carbon cycle feedback to climate, with terrestrial carbon uptake declining by over 500 GtC (gigatonnes of carbon = 10 15 grams of carbon) as a result of climate changes, and the terrestrial biosphere as a whole switching from a net carbon sink to a source around the year 2050. Subsequent simulations forced by a variety of emissions scenarios [Dufresne et al., 2002; Jones et al., 2003; Zeng et al., 2004; Matthews et al., 2005; Govindasamy et al., 2005] , have confirmed the notion of a positive carbon cycle-climate feedback, but have simulated widely ranging feedback magnitudes: at the year 2100, the increase in atmospheric CO 2 attributable to the carbon cycle-climate feedback has ranged from 50 [Govindasamy et al., 2005] to 250 [Cox et al., 2000] ppmv.
[3] Analysis of model results has shown that most of the additional carbon in the atmosphere comes from the soil carbon pool, suggesting that the acceleration of soil carbon decomposition under climate warming is a key component of the feedback [Cox et al., 2000; Dufresne et al., 2002; Friedlingstein et al., 2003] . Consequently, attempts to explain the large range of model results have focused on uncertainties in the behaviour of heterotrophic soil respiration under future climate change. However, Jones et al. [2005] found two different soil carbon models to behave similarly when forced by the same climate model output, indicating that a large carbon cycle-climate feedback cannot be attributed to the use of a simplified soil carbon model. In addition, studies using the same terrestrial carbon cycle model coupled to independent climate models [Jones et al., 2003; Matthews et al., 2005] simulated very different feedback magnitudes, with the conclusion that the spread of model results is unlikely to result from differences in the parameterization of soil carbon processes. Climate sensitivity (the amount that a model warms in response to CO 2 increases) can affect the feedback magnitude, but previous studies have shown that increasing climate sensitivity (by on the order of 2.5°C per doubling of CO 2 ) can only account for about half of the range of model results [Matthews et al., 2005; Govindasamy et al., 2005] . To date, it has not been possible to reconcile the range of model results [Matthews et al., 2005; Jones et al., 2005] , and the magnitude of the future positive feedback between the terrestrial carbon cycle and climate remains one of the most important uncertainties in current simulations of future climate change.
[4] In this study we demonstrate that the response of vegetation primary productivity to climate change may in fact be more important than the behaviour of soil respiration in determining the magnitude of simulated positive carbon cycle-climate feedbacks. Through a systematic sensitivity analysis of the effect of climate warming on the photosynthetic rate, we are able to reproduce the range of results simulated by other climate models. We demonstrate further that the simulated feedback is highly sensitive to the temperature dependence of photosynthesis, which is GEOPHYSICAL RESEARCH LETTERS, VOL. 32, L14708, doi:10.1029 /2005GL022941, 2005 [Weaver et al., 2001] . This model has been further coupled to a dynamic vegetation and terrestrial carbon cycle model (TRIFFID) [Meissner et al., 2003; Matthews et al., 2005] , and an inorganic ocean carbon cycle based on the OCMIP abiotic protocol [Ewen et al., 2004] . The UVic ESCM enables a detailed study of carbon cycle-climate feedbacks that has not previously been possible given the computational constraints of other general circulation climate models.
[6] To demonstrate the sensitivity of the carbon cycleclimate feedback to primary productivity changes, we have modified the temperature dependence of photosynthesis for each of the five plant functional types represented in the terrestrial model. The model uses a coupled photosynthesis/ stomatal conductance scheme [Cox et al., 1999] , in which the photosynthetic rate has a Gaussian dependence on leaf temperature. To modify this temperature dependence, we have increased or decreased the model parameter T up , which is used in the calculation of the temperature limited maximum rate of carboxylation of the photosynthetic enzyme Rubisco (V m ):
Here, T up and T low are the upper and lower temperature constraints on photosynthesis, T c is the leaf temperature, V max is a specified maximum non-temperature stressed carboxylation rate, and f T is a standard ''Q 10 '' temperature dependence with Q 10 = 2.0. V m is used to calculate the gross canopy photosynthesis as limited by Rubisco, available light or the transport of photosynthetic products [Cox et al., 1999] . Gross primary productivity (GPP) is equal to the soil moisture and (prescribed) nitrogen-limited gross canopy photosynthesis. Net primary productivity (NPP: net carbon uptake by photosynthesis) is calculated as the difference between GPP, plant maintenance respiration (R m = f [ f T (2.0), nitrogen]) and plant growth respiration (R g = 0.25[GPP À R m ]). The term ''primary productivity'' can be used to refer to both GPP and NPP, though in this paper we focus on NPP as the modelsimulated measure of productivity.
[7] Modifying T up has the effect of shifting the optimum temperature for photosynthesis and alters modelled NPP at high temperatures in the model. We use four model configurations, in which the model differs only in the values chosen for T up . The ''standard'' model configuration (T0) is used as the baseline model in this study. The three other model configurations have T up values for all plant functional types decreased by 3 degrees (Tm3) or increased by 3 (Tp3) and 6 (Tp6) degrees. It is worth noting that while we have modified T up only (resulting in a change in the shape of the temperature-photosynthesis curve) the same result could be achieved by changing both T up and T low , thus shifting the curve up or down, or by changing modelled temperature and hence the position of the climate model in temperature space on the curve.
[8] For each model configuration, the model was run to equilibrium (2000 years) and transient simulations forced by observed [Marland et al., 2002] and future (SRES A2) [Nakićenović et al., 2000 ] CO 2 emissions were performed from 1750 to 2100. Land-use emissions were also prescribed [Houghton, 2003; Nakićenović et al., 2000] , though spatial changes in land-use were not included in these simulations. For each model configuration, a fully coupled climate-carbon cycle run was performed in addition to a second ''uncoupled-climate'' simulation in which CO 2 radiative forcing is held constant, and the carbon cycle responds to anthropogenic emissions in the absence of any CO 2 -induced climate change.
Results
[9] Results of coupled and uncoupled-climate transient runs (using the standard model configuration: T0) are shown in Figure 1 . The difference in modelled CO 2 between these two curves (128 ppmv at the year 2100) represents the magnitude of the positive carbon cycle-climate feedback in this simulation.
[10] Figure 2a shows the difference in modelled atmospheric CO 2 between coupled and uncoupled simulations for the four model configurations. As can be seen here, the magnitude of the carbon cycle-climate feedback is inversely related to the change imposed on T up values. Decreasing T up values by 3 degrees (Tm3) increases the difference in CO 2 at the year 2100 from 128 to 154 ppmv. Increasing T up by 3 and 6 degrees (Tp3 and Tp6) decreases the feedback to 106 and 91 ppmv, respectively. Also shown here are two additional runs in which climate sensitivity is increased (Tm3pCS) or decreased (Tp6mCS) in the coupled simulation (to 5°C and 2.5°C respectively, from 4°C in the standard model -we note that most estimates of climate sensitivity give a larger range of possible values that what is considered here). The total range of feedbacks simulated by these runs (50 to 210 ppmv) is very close to the range of results simulated by all other coupled climate-carbon cycle models; other factors not considered here, such as uncertainties in the response of soil respiration to temperature changes, would likely expand this range further. In addition (as shown in Figure 2b ), in the Tm3 and Tm3pCS runs, we simulate a transition from a carbon sink to a carbon source in the latter half of the 21st century, consistent with previous simulations that have found large carbon cycle-climate feedbacks [Cox et al., 2000; Jones et al., 2003] .
[11] The relationship between simulated feedbacks and terrestrial productivity changes can be seen clearly in Figure 3 , which shows the difference in globally averaged NPP between the coupled and uncoupled-climate simulations for the four model configurations. As can be seen here, large feedbacks are associated with a decrease in NPP as a function of climate changes in the latter portion of the 21st century (T0 and Tm3). Simulations with smaller feedbacks (Tp3 and Tp6) show no such decrease, and NPP in the coupled run is actually higher due to the increased effect of CO 2 fertilization from higher atmospheric CO 2 levels, with little or no climatically induced NPP decrease.
[12] The mechanism by which terrestrial carbon uptake declines as T up decreases is simple. As temperature increases in the model, plants are increasingly required to photosynthesize at higher temperatures, and lower T up values result in a stronger temperature suppression of photosynthesis under climate warming. What is surprising, however, is that in all runs, the largest difference between terrestrial carbon pools in the coupled and uncoupled simulations (as shown in Table 1 ) is seen in the soil carbon pool, despite the fact that it is the modification of photosynthesis parameters and consequent change in NPP that is responsible for the range of feedbacks in these simulations.
[13] This characteristic of these simulations explains why the increase in soil respiration with climate warming has been thought to be the most important determinant of the carbon cycle-climate feedback. However, this decrease in the soil carbon pool is a function of both an increase in soil respiration, and a decrease in carbon transferred to the soil pool from vegetation in the form of litterfall. If productivity is negatively affected by climate change, this will result in less litterfall, and consequently the soil carbon pool will be decreased primarily due to reduced carbon input rather than due to increased soil carbon release.
[14] This process is evident when examining the differences in integrated net carbon fluxes -NPP, litterfall (L) and heterotrophic soil respiration (R H ) -between the coupled and uncoupled-climate simulations (shown also in Table 1 ). Differences in R H are positive for all runs, indicating increased decomposition in the coupled run. However, the largest R H differences actually correspond with the smallest feedbacks, indicating the strong dependence of total decomposition on the size of the soil carbon pool, as controlled by changes in litterfall and NPP. Additionally, the largest difference between the four model configurations appears in NPP, rather than R H . In the case of Tm3 and T0, total NPP is lower in the coupled runs than in the uncoupled runs, resulting in less terrestrial carbon uptake and consequent larger accumulation of CO 2 in the atmosphere. For Tp3 and Tp6, NPP is higher in the coupled runs, resulting in greater carbon uptake and lower atmospheric accumulation. The magnitude of the carbon cycleclimate feedback in these simulations is driven by the extent to which NPP is affected by climate changes in the coupled run.
Discussion
[15] It is clear from the results presented above that the parameterization of temperature constraints on photosynthesis strongly affects results from climate-carbon cycle models. The temperature response curve of photosynthesis varies widely among plant types, with respect to both the optimum temperature for photosynthesis, and the range of favourable temperatures [Berry and Bjö rkman, 1980; Kirschbaum, 2004] . Plants exhibit considerable adaptation to local temperatures, and the temperature response curve is further affected by CO 2 concentration, water and nitrogen availability [Berry and Björkman, 1980; Medlyn et al., 2002a Medlyn et al., , 2002b Kirschbaum, 2004] . In addition, most plant species demonstrate an ability to acclimate to changing temperatures, both seasonally and over longer time-scales [Berry and Bjö rkman, 1980; Medlyn et al., 2002a; Kirschbaum, 2004] . Current models include a simplified representation of the plant growth response to temperature, and models vary substantially both in their parameterization of the temperature-photosynthesis curve, as well as in the position in temperature space of a given climate model on this curve [Medlyn et al., 2002a; Adams et al., 2004] . Furthermore, models vary in the allocation of carbon uptake between vegetation and soil carbon pools, which has been identified as an important model difference in previous analyses of carbon cycle-climate feedbacks [Friedlingstein et al., 2003] . Incorporating more complex and realistic functions for the response of photosynthesis to changes in environmental variables is a key area for future research in order to better constrain the magnitude of carbon cycleclimate feedbacks.
[16] It can be concluded from these simulations that large carbon cycle-climate feedbacks require large decreases in primary productivity as a function of climate change in addition to accelerated loss of soil carbon due to increased soil respiration. We have demonstrated that this effect can be achieved by modifying the photosynthetic temperature response curves, and hence increasing or decreasing the temperature constraint on carbon uptake under climate warming. This effect could also be achieved, however, by a change in some other limiting factor for primary productivity, such as soil moisture, light or nutrient availability. Different climate models simulate widely varying future climates, and how these future climate changes affect vegetation productivity will play a critical role in determining the magnitude of the future carbon cycle-climate feedback. It is important that we improve our understanding of the interaction between climate and vegetation processes in order to reduce this glaring uncertainty in future projections of climate change. a Globally averaged differences in terrestrial carbon pools -vegetation (CV) and soil (CS) carbon -between coupled and uncoupled-climate simulations at the year 2100, and the time integral of carbon flux differences -NPP, Litterfall (L) and soil respiration (R H ) -between coupled and uncoupled-climate simulations from 1750 to 2100 (in GtC). Also shown are the differences in atmospheric carbon (ATM: GtC) at 2100 (the magnitude of the positive carbon cycle-climate feedback), surface air temperature (T:°C) and ocean dissolved inorganic carbon (DIC: GtC).
